ABSTRACT: Measurement and understanding of the microscopic pathways materials follow as they transform is crucial for the design and synthesis of new metastable phases of matter. Here we employ femtosecond single-shot X-ray diffraction techniques to measure the pathways underlying solid−solid phase transitions in cadmium sulfide nanorods, a model system for a general class of martensitic transformations. Using picosecond rise-time laser-generated shocks to trigger the transformation, we directly observe the transition state dynamics associated with the wurtzite-to-rocksalt structural phase transformation in cadmium sulfide with atomic-scale resolution. A stress-dependent transition path is observed. At high peak stresses, the majority of the sample is converted directly into the rocksalt phase with no evidence of an intermediate prior to rocksalt formation. At lower peak stresses, a transient five-coordinated intermediate structure is observed consistent with previous first principles modeling.
M artensitic phase transitions are first-order diffusionless transformations involving short-range collective atomic motion with well-defined transition pathways between closely related crystal structures. They are central to many naturally occurring phenomena including compression during tectonic motion and the release of DNA from viral capsids into host cells 1, 2 and have been utilized in technological applications ranging from the ancient practice of tempering steel to modern work on shape memory alloys. 2, 3 One of the outstanding challenges in the study of this type of phase transition has been an understanding of the microscopic transformation pathways by which they are defined, with the first steps occurring on picosecond time-scales and atomic length-scales. 4−6 In the case of bulk materials, measurements are obscured by extensive uncorrelated nucleation events occurring throughout the sample, which impinge upon one another as they grow. In contrast, colloidally grown nanocrystals represent a model system with which to study phase transformations because they are defect-free single crystalline domains. 7−9 Nucleation is a rare event under hydrostatic compression near the transformation pressure, while the phase front across a single particle propagates at the sound speed of the material. As a result, a given particle will typically transform fully before another stable nucleus can form (a few picoseconds for a few-nanometer diameter particle), separating the competing events of nucleation of the new phase from its subsequent growth. An ensemble of small, independent domains therefore exhibits first-order transformation kinetics similar to many chemical reactions and is described by transition state theory with nucleation constituting the activation barrier. 10−12 Recent simulations of the pressure-induced wurtzite-to-rocksalt trans-formation in semiconductor nanocrystals using transition path sampling and molecular dynamics methods have been able to suggest possible transition states for these processes. 13−17 In particular, a two-stage model consisting of compression along the c-axis to form a five-coordinate h-MgO type intermediate followed by compressive shear along the a-axis to the cubic rocksalt structure with the transformation rate limited by the shear step has been proposed. No experimental measurement of this proposed mechanism has been possible to date. Here, using laser-generated picosecond-rise-time high pressure shocks to trigger the transformation coupled with femtosecond X-ray pulses as a structural probe, we have obtained direct information about the transformation pathway associated with the wurtzite to rocksalt structural phase transition in cadmium sulfide (CdS) nanorods. Nanocrystals shocked to lower peak stresses are indeed preferentially compressed along the c-axis toward a five-coordinate h-MgO type intermediate structure, as predicted by simulations, whereas those shocked more strongly exhibit no evidence of an h-MgO type intermediate structure during the transformation to rocksalt. Additionally, we observe the wurtzite-to-rocksalt polymorphic phase transformation in CdS nanorods occurring on time-scales approximately 10 orders of magnitude faster than previously observed kinetic time-scales, in agreement with previous indirect observations of shear-catalyzed transitions. 18 We made use of standard laser-based ablative techniques to generate large amplitude shocks.
19−21 Figure 1a shows the sample geometry with a ∼250 nm layer of 40 nm × 5 nm CdS rods (randomly oriented) deposited on a Si 3 N 4 substrate with a thin aluminum layer to generate the shocks and polyvinyl alcohol layers to both steepen the shock front and provide inertial confinement (Figure 1a) . 22 Experiments were carried out at the Linac Coherent Light Source (LCLS) X-ray pump− probe (XPP) hutch using hard X-ray scattering in a collinear, transmission geometry using the undulator fundamental at 9.5 keV X-ray energy and 70 fs fwhm pulse duration and recorded on a large-area MAR detector shot-by-shot. 23, 24 Optical pulses with a central wavelength of 800 nm, stretched to 1 ps fwhm pulse duration to minimize their nonlinear absorption in the Si 3 N 4 substrate, were used to initiate shock waves with stresses between 2 and 10 GPa. These shock generation pulses were focused to 250 μm in order to ensure oversampling of the 50 μm diameter X-ray focal spot. Because each shocked region of the target was destroyed by a single laser pulse, the target array was translated after each shot in order to study a fresh sample of nanocrystals. Figure 1b shows single X-ray pulse scattering images comparing the ambient pressure sample to the transiently compressed sample, in good agreement with the known diffractograms at ambient and high pressure, showing the emergence of the (200) integrated lineouts of the aluminum peak as a function of incident laser fluence, showing both an induced shoulder on the main aluminum peak in addition to a well-separated sideband, which can be associated with uniaxial elastic and isotropic plastic compressions, respectively, with the plastic response dominating the observed diffraction peak shifts (see Supporting Information) and developing on ∼10 ps time scales. These results are consistent with earlier studies 25−29 and first principles MD simulations. 30 We estimate peak stresses of approximately 12 GPa generated within the aluminum layer (Supporting Information).
After a time-delay associated with the propagation of the shock through the target layers, the rocksalt (200) ), since the decrease in intensity is replaced with scattering from the rocksalt (111) reflection. The wurtzite reflections at higher scattering angle ((110), (103), (112)) also decrease in intensity and broaden; this region is more difficult to interpret because the induced rocksalt (220) reflection overlaps with these peaks. 11 We can obtain an approximate measure of the pressure within the nanocrystal layer directly by recording the rocksalt (200) scattering angle relative to the known ambient rocksalt (200) position, as shown in Figure 2b . 31 Combining the extracted strain with the known bulk modulus in the rocksalt phase yields the pressure directly, under the assumption of isotropic compression in the product phase, as would be expected for plastic deformation. This corresponds to maximum generated pressures of ∼10 GPa (Figure 2b ), roughly consistent with the estimates obtained from the aluminum response.
The fraction of the sample that is converted to rocksalt is dependent upon the excitation fluence (Figure 3 ) with a threshold behavior observed. First evidence of the phase transition occurs at ∼5 GPa on approximately 50 ps time-scales, slightly less than the known kinetic transition pressure for nanocrystals. 11 The rocksalt phase persists for at least 8 ns (Supporting Information) consistent with previous studies indicating metastability. 32 The actual microscopic mechanism of the wurtzite to rocksalt phase transformation has been the most elusive piece of information in previous experiments. A 4 nm spherical particle should transform in 7−10 ps, based on simulations. 13 The sample particles, at 40 nm × 5 nm are therefore expected to transform within 40−80 ps, depending on where in the particle the rocksalt nucleus forms. A shock front traveling at 5 nm/ps 33 through the dense composite traverses the 250 nm sample layer within ∼50 ps. Accounting for this transit time, the 70 ps rise time observed is consistent with the rapid rate of transformation observed in simulations. Two sets of diffractograms collected during this experiment are presented in Figure 4 . The patterns are from samples shocked to (a) 4.1 and (c) 9.1 GPa. At low peak stress, following time zero there is a shift in the wurtzite (002) reflection to higher scattering angle, without a change in the wurtzite (100), the reflection with no component along the c-axis (Figure 4a ). This indicates a preferential compression along the nanorod c-axis (long axis). Such a decrease in the c/a ratio is consistent with the predicted formation of the h-MgO intermediate pathway. Rietveld refinement (Supporting Information) indicates quantitative agreement between the experimentally determined c/a and this first principles modeling, including the existence of the predicted h-MgO phase. The wurtzite (101) exhibits a smaller shift, consistent with its smaller c-axis component. The (002) peak returns to lower Q at later times (Figure 4b ), evidence that the structure produced is an unstable intermediate with a negligible activation barrier for returning to the pure wurtzite structure. This is consistent with simulations 13 that indicate that the h-MgO formation proceeds gradually as the pressure is ramped up, such that nucleation of the rocksalt phase is the rate limiting step. In contrast, at the highest stresses evidence for the intermediate structure is not observed (Figure 4c ), which shows a large amplitude reduction in the (002) reflection without measurable shift as the majority of the sample switches into the high pressure phase for which the (002) reflection is forbidden. Figure 4d shows that this reduction occurs concurrently with the rocksalt (200) increase.
One can extract further information from the fact that there is no clear evolution of the entire diffractogram from the intermediate structure to the rocksalt structure. The shock traverses approximately one-third of the sample layer in 16 ps, the time step for this experiment. Thus, given the above estimates of the single particle transformation time, a significant fraction of the particles in the sample layer should still be in the process of transformation, which is not observed. This indicates that an alternative pathway to rocksalt exists with no preceding intermediate. In contrast, at the lowest shock stresses applied there is indeed a shift of the wurtzite (002) reflection ( Figure  4a ). Such a change in transformation pathway under shock compression is consistent with the rapid transformation rate we have observed, as compared with experiments carried out under hydrostatic conditions, and indicates a reduction in the activation barrier for the transformation under shock compression. 11 This may be compared to recent simulations that have suggested that spherical nanoparticles with a more disordered surface do not pass through a five-coordinate intermediate structure on the way to rocksalt, whereas wellfaceted particles do transform via such an intermediate. 14 We note that the homogeneous decrease in the (002) reflection (Figure 4c ) without significant broadening as the rocksalt (200) appears is inconsistent with a large number of nucleation sites per nanocrystal and is more consistent with a coherent transformation of the entire rod at the highest pressures. 34 Indeed, a Debye−Scherrer estimate using the width of the induced (200) reflection yields domain sizes of order 10 nm, comparable to the size of the nanorod itself.
This work constitutes the first experimental measurement of a nanocrystal transformation pathway. Below the transformation threshold, the structure approaches the fivecoordinate h-MgO type intermediate observed under simulated hydrostatic compression. When brought above the transformation threshold by shock compression, however, the h- 
